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2Abstract23
24
The present study investigated prey-mediated effects of two maize varieties expressing a 25
truncated Cry1Ab, Compa CB (event Bt176) and DKC7565 (event MON810), on the 26
biology of the ladybird Stethorus punctillum. Although immuno-assays demonstrated the 27
presence of Cry1Ab in both prey and predator collected from commercial maize-growing 28
fields, neither transgenic variety had any negative effects on survival of the predator, nor 29
on the developmental time through to adulthood. Furthermore, no subsequent effects on 30
ladybird fecundity were observed. As a prerequisite to studying the interaction of 31
ladybird proteases with Cry1Ab, proteases were characterised using a range of natural 32
and synthetic substrates with diagnostic inhibitors. These results demonstrated that this 33
predator utilises both serine and cysteine proteases for digestion. In vitro studies 34
demonstrated that T. urticae were not able to process or hydrolyze Cry1Ab, suggesting 35
that the toxin passes through the prey to the third trophic level undegraded, thus 36
presumably retaining its insecticidal properties. In contrast, S. punctillum was able to 37
activate the 130KDa protoxin into the 65KDa fragment; a fragment of similar size was 38
also obtained with bovine trypsin, which is known to cleave the protoxin to the active 39
form. Thus, despite a potential hazard to the ladybird of Bt-expressing maize (since the 40
predator was both exposed to, and able to proteolytically cleave the toxin, at least in41
vitro), no deleterious effects were observed.42
43
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3Introduction46
47
In 2006, genetically modified maize expressing G-endotoxins from Bacillus48
thuringiensis (Bt maize) was commercially planted in thirteen countries, occupying a 49
global area of 21.1 million ha (James, 2006). In Spain, Bt maize has been planted since 50
1998 and, in 2007, approximately 75,000 ha were grown (MON810 event), representing 51
around 21% of the total maize acreage; currently Spain is the principal grower of this 52
biotechnology crop in the European Union. Bt maize has been shown to be effective for 53
control of the corn borers Ostrinia nubilalis (Hübner) and Sesamia nonagrioides54
(Lefèbvre), the most damaging maize pests in Spain and the Mediterranean area 55
(Castañera, 1986). However, one of the major environmental concerns determining 56
whether transgenic crops will have a sustainable role in agriculture is their possible 57
effects on non-target entomophagous arthropods (predators and parasitoids) (Cowgill and 58
Atkinson, 2003). A number of studies, both field and laboratory, have been conducted to 59
assess the impact of transgenic Bt plants on non-target organisms (Pilcher et al., 1997; 60
Lozzia, 1999; Al-Deeb et al., 2001; Zwahlen et al., 2003; Romeis et al., 2004; De la Poza 61
et al., 2005; Ludy and Lang, 2006) and whilst most studies have demonstrated little effect 62
on beneficial insects, particularly natural enemies, a few studies have suggested that such 63
plants will have negative effects (Hilbeck et al., 1998; Dutton et al., 2002; Meissle et al., 64
2005).65
Recent field studies in the Northeast of Spain, carried out at different periods over 66
the season, demonstrated that Cry1Ab was present at concentrations 3-fold greater in the 67
non-target herbivore Tetranychus urticae Koch than those found to be present in Bt maize 68
4(Event Bt176) leaves (Obrist et al 2006a). In this particular study, the presence of the 69
toxin was also demonstrated in higher trophic levels, including the predators Stethorus70
punctillum Weise, Chrysoperla carnea (Stephens) and Orius species. Similarly, Harwood 71
et al. (2005) reported significant levels of Cry1Ab in other non-target herbivores and 72
arthropod predators (Coccinellidae, Araneae, and Nabidae) collected from a transgenic 73
maize (event MON810) agroecosystem. 74
Transgenic Bt maize varieties derived from Bt176 and MON810 events express truncated 75
forms of the Cry1Ab toxin. Event 176 expresses a truncated form of the toxin that corresponds 76
to the first 648 aa (about 65-70 kDa) of the 1155 aa (about 130 kDa) of the native Cry1Ab 77
protoxin (Koziel et al., 1993), whilst MON810 expresses a truncated protein with a molecular78
weight of approx. 90 kDa (http://www.agbios.com/dbase.php?action=Submit&amp;evidx=9).79
Activation of the protoxin is believed to occur by the removal of a few residues at the N-80
terminal and a large fragment at the C-terminal end, resulting in an active toxin (residues 29–35 81
to 599–607 of the protoxin sequence) (Schnepf et al., 1998; Rukmini et al., 2000). Thus, the 82
truncated form expressed by the event MON810 requires activation by digestion at both ends, 83
whereas removal of the N-terminal peptide (about 30 aa) is most likely necessary for the 84
activation of the truncated form expressed by the event 176. In lepidopteran species, trypsin-85
and chymotrypsin-like proteases seem to be the principal enzymes implicated in Cry1Ab 86
activation by digestion at both ends to form an active toxin of 60-70 KDa (Oppert, 1999; 87
Miranda et al., 2001; Díaz-Mendoza et al., 2007). Once the toxin is activated, it passes through 88
the peritrophic membrane and binds to specific receptors located in the epithelial cells of the 89
midgut (De Maagd et al., 2003). However, it is not known whether the toxin reaches the midgut 90
of the predators as a truncated toxin, or whether the toxin has been activated by proteolytic 91
5enzymes present in prey species, prior to consumption by these predators. Furthermore, it is 92
possible for the toxin to be degraded by proteases present within the prey gut, as has been 93
shown in resistant lines of target species (Forcada et al., 1996) and in non-target lepidopteran 94
species (Miranda et al., 2001). It is also not known as to the fate of the toxin once present in the 95
predator gut, and in particular the subsequent effects of digestive proteases present in the 96
predators.97
The ladybird S. punctillum is a specialist predator of tetranychid mites (Rott and 98
Ponsonby, 2000). Both larvae and adults of this predator are very voracious, have a high 99
capacity for dispersion (Congdon et al., 1993) and are being used as biological control 100
agents of spider mites in agricultural crops (Hull et al., 1977; Roy et al., 1999). S.101
punctillum was one of the most abundant predators found in commercial plots in two 102
Spanish maize growing areas (De la Poza et al., 2005). In spite of the importance of S.103
punctillum as a biological control agent, the potential effects of Cry1Ab expressing 104
transgenic maize on this specialist predator have never been investigated. Furthermore, it 105
is  not known whether proteases present in the spider mite T. urticae are able to process 106
or degrade the Bt toxin, neither is there any information available regarding the possible 107
interactions of this toxin with the proteolytic enzymes of the ladybird S. punctillum, once 108
they reach the midgut.109
Thus, the aim of the present study was to establish the impact of transgenic Bt 110
maize varieties derived from the events Bt176 and MON810, on development, survival 111
and fecundity of the beneficial predator S. punctillum via fed prey. Moreover, it reports 112
the characterization of the proteolytic enzymes of this ladybird as a prerequisite step to 113
6investigate the interaction of the digestive proteases of S. punctillum and its prey, the red 114
spider mite T. urticae, with the Cry1Ab toxin expressed by the Bt maize.115
116
7Material and methods117
118
Insects119
Adults of Stethorus punctillum were purchased from Applied Bionomics (Canada) and 120
placed in boxes (11.5 cm diameter, 5 cm high) with maize leaves infested with 121
Tetranychus urticae of various stages. Eggs were collected three times a week with a 122
small brush. Adults, larvae and eggs were kept in a climatic chamber at 26r0.3 ºC, 80r5123
% RH and L:D 16:8 h photoperiod. T. urticae were provided by Dr. Vicente Marco 124
(Universidad de La Rioja, Spain) in 2006 to start a laboratory colony.  Spider mites were 125
maintained on maize plants at 25r0.3 ºC, 70r5 % RH and L:D 16:8 h photoperiod.126
127
Plant material128
Commercial cultivars of transgenic Bt maize (Zea mays L.) (Event Bt176, Compa CB and 129
event MON810, DKC7565) (designated Bt+) expressing a gene encoding a truncated, synthetic 130
version of the Cry1Ab gene from Bacillus thuringiensis var. kurstaki and the corresponding 131
non-transformed near-isogenic varieties (Brasco and Tiétar) (designated Bt-) as controls were 132
used for experiments. All plants were planted in plastic pots and cultivated in a growth chamber 133
at 25r0.3 ºC, 70r5 % RH, and L:D 16:8 h photoperiod. Plants were used when they had 134
reached the seven-leaf stage.135
136
Cry1Ab detection in maize plants, T. urticae and S. punctillum from field samples137
138
8Maize leaves, spider mites and ladybird adults were collected in commercial Bt maize 139
(event MON810) and non-transgenic maize fields located in Central Spain, on two dates 140
in August 2006. All samples were collected individually, transferred into 1.5 ml 141
Eppendorf tubes and frozen at -20 ºC in a portable freezer immediately after collection.142
143
Cry1Ab protein levels in plants and arthropods were determined using a double sandwich 144
ELISA kit (Agdia, USA). Briefly, samples (5 for both leaves and S. punctillum; 3 for T.145
urticae) were homogenised in 0.5 ml phosphate buffered saline pH 7.4 (PBS), centrifuged 146
for 5 min at 12.000 g and total protein determined according to the method of Bradford 147
(see manufacturer´s instructions). Spectrophotometric measurements were conducted in a 148
microtiter plate reader at 450 nm, using 8 µg of protein (in PBS) per plant sample and 20 149
µg of protein per arthropod sample. Cry1Ab standards at concentrations 0, 0.125, 0.25, 150
0.5, 1, 2, 4, 8 and 16 ng were used as calibrators. 151
152
Characterization of S. punctillum proteolytic enzymes153
S. punctillum adults were homogenized in 0.15 M NaCl, centrifuged at 16,000 g for 5 154
min, and the supernatants pooled and stored frozen (-20 °C) until required. All assays 155
were carried out in triplicate and appropriate blanks were used. A series of overlapping 156
buffers were used to generate a pH gradient from 2-11: 0.1 M citric acid-NaOH (pH 2 –157
pH 3), 0.1 M citrate (pH 5 – pH 6.5), 0.1 M Tris-HCl (pH 6.5 – pH 9) and 0.1 M 158
glyicine-NaOH (pH 9 – pH 11). All buffers contained 0.15 M NaCl and 5 mM MgCl2.159
160
All protease activities were performed at 30ºC at their optimum pH of activity, incubating 161
for 24 h in 1 ml of reaction mixture containing 20 Pl of homogenate. Non-specific 162
9protease activity was assayed with 0.1% sulfanilamide-azocasein as substrate. Other 163
protease assays were as follows: trypsin-like activity using 1 mM BApNa (ND-benzoyl-164
DL-arginine p-nitroanilide), chymotrypsin-like activity with 0.25 mM Sa2PPpNa (N-165
succinyl-(alanine)2-proline-phenylalanine-p-nitroanilide), and elastase-like activity with 166
0.25 mM SA3pNa (N-succinyl-(alanine)3-p-nitroanilide), as describe by Ortego et al. 167
(1996). Cathepsin D-like activity was measured with 0.2% haemoglobin as substrate, and 168
cathepsin B-like activity was assayed with 50 PM ZAA2MNA (N-carbobenzoxy-alanine-169
arginine-arginine 4-methoxy-E-naphthyl amide), as described by Novillo et al. (1997). 170
Total protein in adult extracts was determined according to the method of Bradford 171
(1976) using bovine serum albumin as the standard.172
173
The proteolytic activities of adult extracts were further characterised using the following 174
specific protease inhibitors: the serine protease inhibitor SBBI (Soybean Bowman-Birk 175
inhibitor); the cysteine protease inhibitor E-64 (L-trans-epoxysuccinyl-leucylamido-(4-176
guanidino)-butane); IAA (Iodoacetamide); and the aspartic protease inhibitor pepstatin-A. 177
The cysteine protease activators L-cysteine and DTT (dithiothreitol) were also tested. 178
Protease inhibitors and activators were pre-incubated at 30ºC with the adult extract for 15 179
min, prior to addition of the substrate. All compounds were added in 100 µl of 0.15 M 180
NaCl, except pepstatin-A, which were added in 20 Pl of DMSO. The doses tested were 181
selected according to the effective concentrations recommended by Beynon and Salvesen 182
(1989).183
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All substrates as well as protease inhibitors and activators were purchased from Sigma 184
Chemical Co. (St. Louis, MO, U.S.A.). Spectrophotometric measurements were made 185
using a Hitachi U-2000 spectrophotometer.186
187
Digestion of Cry1Ab protoxin by prey and predator proteases188
189
Cry1Ab toxin190
Cry1Ab protoxin crystals (81% purity), produced by B. thuringiensis ssp. kurstaki HD1-9 191
strain (Carlton and González, 1985), were provided by Syngenta. Lyophilised crystals 192
were re-suspended in 0.1% (w/w) Triton X-100 in a 0.1M glycine-NaOH, 0.15M NaCl 193
and 5mM MgCl2, pH 10.5 buffer. Because autoprocessing of the solubilized native 194
protoxin was detected after long incubation periods at 30 °C, the Cry1Ab solution was 195
treated at 62 °C for 30 min to deactivate putative B. thuringiensis proteases. This 196
treatment did not alter the toxicity of Cry1Ab protoxin. Activated Cry1Ab toxin was 197
obtained by expression in E. coli of a sequence of the Cry1Ab protoxin originally198
obtained from the Bacillus genetic stock centre and activated by proteolytic cleavage 199
using bovine trypsin.200
201
Digestion assays in vitro202
T. urticae and S. punctillum adults were homogenized in PBS, centrifuged at 13,000 g for 203
5 min and the supernatant collected. Total soluble protein was determined by Bradford 204
assay according to the method of Bradford (1976) using bovine serum albumin as the 205
standard.206
11
207
In vitro digestion assays were performed at 30 ºC at pH 5.0 for T. urticae and at pHs 5.0 208
and 10.0 for S. punctillum. Prey/predator extracts were incubated with Cry1Ab toxin for 1 209
and 24 h at a 1:25 protoxin:extract ratio. The reactions were terminated by addition of 5 210
Pl of electrophoresis buffer (tris-HCl 60 mM; pH 6.8; 10% SDS (w/v); 33.3% 2-211
mercaptoethanol (v/v); 33.3% glycerol (w/v); 0.06% bromophenol blue) followed by 212
boiling for 5 min. Furthermore, protoxin was incubated with bovine trypsin at pH 10.0 213
and commercial papain at pH 5.0 for 1 h at a 1:8 protoxin:protease ratio. Samples were 214
separated by SDS-PAGE (12.5%) and subsequently electrophoretically transferred to 215
0.45 Pm nitrocellulose membranes (Schleicher & Schuell, BA83). The membranes were 216
developed for immunoassay by Western blotting using antibodies raised against Cry1Ab 217
as the primary antibody, and HRP-conjugated goat anti-rabbit IgG as the secondary 218
antibody, as described by Gatehouse et al. (1996). Cry1Ab was detected by enhanced 219
chemiluminescence (ECL) according to the manufacturer´s instructions.220
221
Effects of Bt maize on predator development and reproduction via the tritrophic 222
interaction223
Experimental arenas consisted of 4 cm2 inverted maize leaf discs in individual dishes 224
covered with lids ventilated with a fine mesh; each contained moist filter paper to prevent 225
desiccation. Ladybirds were transferred to the leaf discs with a small brush. Assays were 226
conducted in a growth chamber at 26r0.3 ºC, 80r5 % RH, and L:D 16:8 h photoperiod. 227
Observations were made with a stereomicroscope, provided with a cold light source.228
229
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Effects of Bt maize on predator survival and development230
Neonate larvae of S. punctillum were placed individually on leaf discs from the following 231
maize varieties: Compa CB (Bt+, n = 79), Brasco (Bt-, n = 83), DKC7565 (Bt+, n = 63) 232
and Tietar (Bt-, n = 61). Larvae were fed daily ad libitum with T. urticae of various 233
stages reared on either transgenic or non-transformed control maize. Immatures were 234
transferred onto fresh leaf discs every 2 to 3 days until pupation. Survival of S. punctillum235
larvae and pupae was monitored on a daily basis and developmental time (time to each 236
instar, time to pupation, time to adult emergence) was recorded throughout. 237
238
Effects of Bt maize on predator fecundity239
On emergence (see above), the adult ladybirds from each sibling group were sexed and 240
assigned to mating pairs for 14 days. During this period, the number of eggs laid per pair 241
was recorded daily. Adult female fecundity was estimated by counts of number of eggs 242
produced per individual. The assay with the varieties Compa CB and Brasco was carried 243
out with 25 pairs, while 23 pairs were used for assay with the varieties DKC7565 and 244
Tiétar.245
246
Statistical analysis247
Larval and pupal development and female fecundity were analyzed by means of U Mann-248
Whitney U-test as data were not normally distributed. Survivorship of immature stages 249
was compared by a chi-square test. Differences between treatments were considered 250
significant at the p < 0.05 level.251
252
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Results253
254
Cry1Ab accumulation in T. urticae and S. punctillum under field conditions255
The concentration of Cry1Ab toxin detected in maize leaves, T. urticae and S. punctillum256
collected from a commercial Bt maize field is shown in figure 1. A mean concentration of 257
90.2r30.1 ng Cry1Ab toxin per mg of total soluble protein (TSP) was detected in Bt 258
maize leaves. T. urticae contained on average 413.2r14.9 ng mg-1 TSP, whilst a 259
significantly lower concentration of toxin was detected in S. puntillum adults (47.5r12.35260
ng mg-1 TSP). As expected, Cry1Ab toxin was not detected in non-transformed maize 261
leaves (control), nor in prey and predators collected from fields growing non-transgenic 262
maize.263
264
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Characterization of S. punctillum proteolytic enzymes265
The pH optima and the specific activities of enzyme extracts from S. punctillum against 266
general and specific protease substrates are presented in Table 1. The results clearly show 267
that general proteolysis, with azocasein as substrate, occurred over a broad range of pH, 268
with two peaks of optimum activity at pH 5 and pH 10 (Figure 2). Maximal hydrolysis of 269
BApNa occurred at pH 10.5, whereas maximal activity with SA2PPpNa was observed at 270
pH 9.5, suggesting the presence of trypsin-like and chymotrypsin-like activity, 271
respectively. The pH optima for both ZAA2MNA and haemoglobin occurred in the acidic 272
range with optima at pH 6.5 and pH 3.5 respectively, indicative of Cathepsin B-like and 273
D-like activity. However, no hydrolytic activity of SA3pNa occurred, even after 24 h of 274
incubation, indicating the absence of elastase-like activity.275
The proteolytic activity of S. punctillum was further characterized using specific 276
diagnostic protease inhibitors (Table 1). Hydrolysis of haemoglobin was inhibited by 277
pepstatin-A, whilst ZAA2MNA hydrolysis was inhibited both by E-64 and IAA, but 278
activated by DTT and L-cysteine. The hydrolysis of BApNa and SA2PPpNa was inhibited 279
by SBBI. These studies indicate the presence of proteases from two mechanistic classes 280
i.e. serine proteases and cysteine proteases.281
282
Digestion of Cry1Ab protoxin by prey and predator proteases283
The in vitro digestion of Cry1Ab was carried out in order to study the interaction between 284
Cry1Ab toxin and the proteases of both the spider mite, T. urticae and its predator, the 285
ladybird S. punctillum. Assays with T. urticae were carried out at a single pH value of pH 286
5.0, but at two different times of incubation; the results showed that the Cry1Ab protoxin 287
15
was not processed or hydrolysed by the spider mite proteases, since the 130 kDa fragment 288
belonging to the protoxin was still present and the activated toxin could not be detected, 289
even after 24 h of incubation (Figure 3a).290
291
Digestion of Cry1Ab protoxin by digestive proteases of S. punctillum was also carried out 292
for different time intervals (1 and 24 h) but at two different values of pH (5.0 and 10.0). 293
At acidic pH, proteases were not able to process the Cry1Ab toxin; the fragment of 130 294
kDa belonging to the protoxin was still present after 24 h of incubation (Figure 3b). In 295
contrast, at pH 10.0, the proteolytic enzymes of the ladybird were able to process the 296
protoxin into its active form; after 24 h of incubation the 130 kDa fragment disappeared 297
and a fragment of about 65 kDa was generated (Figure 3c).298
299
The digestion of Cry1Ab protoxin with commercial bovine trypsin and papain were also 300
performed as positive controls. After 1 h of incubation, a fragment of 65 kDa was readily 301
visible, suggesting that both commercial proteases are able to process the Bt toxin (Figure 302
3d).303
304
Prey-mediated effects of Bt maize on predator development and reproduction 305
A tritrophic assay was carried out to investigate the effects of transgenic Bt expressing 306
maize (commercial varieties derived from events Bt176 and MON810) on S. punctillum307
via dosed prey. The results demonstrated that exposure to Cry1Ab had no effect on the 308
survival of neonate ladybird larvae through to adulthood (Figures 4 and 5). Statistical 309
analyses were performed at two time points within the trial, midway through (day 8), and 310
16
at day 16, when all adults had emerged. Chi-square tests at both these time points showed 311
no significant differences in survival between the transgenic varieties (Compa CB and 312
DKC7565) and their respective controls (Brasco and Tietar). Furthermore, no significant 313
differences in developmental time of immature stages was found between Compa CB 314
(Bt+, event Bt176) and Brasco (Bt-) (Table 2). However, the duration of the fourth instar 315
was significantly different between DKC7565 (Bt+, event MON810) and Tietar (Bt-) 316
(Mann-Whitney U-test; P= 0.04), being 2.5 and 2.3 days for Bt+ and Bt-, respectively 317
(Table 3). However, there were no significant differences for the developmental time for 318
the other larval instars, nor for time to pupation or time to adult emergence.319
320
Adult S. punctillum emerging from the feeding trials were assigned to breeding pairs, and 321
allowed to consume either transgenic-fed or control-fed prey for 14 days. The number of 322
eggs laid per female was used as a measure of relative fecundity. The results showed that 323
the Bt maize had no significant effect on mean cumulative ladybird fecundity for either 324
event (Figure 6). Females from the Brasco treatment (Bt-) laid a total of 58.2 r 5.4 eggs, 325
whereas females that had consumed Compa CB (Bt+)-fed prey, laid 53.9 r 3.7 eggs. 326
Likewise, the total number of eggs laid per female was 59.6 r 7.0 in the DKC7565 (Bt+) 327
treatment, and 54.6 r 4.2 in those that had consumed Tietar (Bt-)-fed prey.328
329
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Discussion330
331
All known species of the genus Stethorus are predators of spider mites (McMurtry et al., 332
1970) and S. punctillum has been suggested to have potential as a biological control agent 333
of spider mites in agricultural crops (Roy et al., 1999). In spite of being one of the most 334
abundant predators found in maize fields in Spain, to date, no study has evaluated the 335
impact of transgenic Bt maize on this agronomically important ladybird species.336
337
In the present study the presence of Cry1Ab toxin was readily detected in samples of both 338
T. urticae and S. punctillum collected in a commercial Bt maize field (event MON810) 339
located in Central Spain. Obrist et al. (2006a) similarly demonstrated the passage of the 340
toxin to the spider mite and to larvae and adults of this ladybird species in the field (event 341
Bt176). From these studies it was clear that Cry1Ab toxin is transferred through the 342
trophic chain, although the amount of toxin accumulated was reduced from the second to 343
the third trophic level. However, what was not previously known was whether the toxin 344
reaches the midgut of the predator as a truncated toxin (i.e. as it is expressed by the 345
transgenic maize), or whether it has been previously activated or hydrolized by digestive 346
proteases present in the prey. It was also unclear as to the role of the proteolytic enzymes 347
of the predator once they come into contact with the Bt protein. Native Cry1 proteins are 348
produced by B. thuringiensis as protoxins and thus need to be processed by proteolytic 349
digestion to obtain the active form (Rukmini et al., 2000). This processing of the Cry1Ab 350
protoxin is believed to occur by the removal of a few residues at the N-terminal and 351
removal of a large fragment at the C terminal end, resulting in an active toxin of 60–70 352
18
kDa (Schnepf et al., 1998). Since this processing is an essential step for subsequent 353
toxicity of Cry proteins, study of the interaction between proteases and Cry proteins 354
could provide valuable information in risk assessment studies for non-target arthropods.355
356
In target species, trypsin-like and chymotrypsin-like proteases (Díaz-Mendoza et al., 357
2007; Oppert, 1999) are responsible for proteolytic cleavage, and hence activation, of the 358
native toxin; this cleavage is known to occur at both ends of the molecule (Mohan and 359
Gujar, 2003). In T. urticae, the digestive proteases are predominantly cysteine and 360
aspartyl, whilst serine proteases do not appear to be present in the digestive extracts of 361
this spider mite (Michaud et al., 1996; Nisbet and Billingsley, 2000). Despite the 362
potential importance of S. punctillum in biological control, no previous studies have been 363
carried out to investigate protein digestion in this species. One of the objectives of the 364
present study was therefore to characterize the proteolytic enzymes present in the 365
predator as a prerequisite to studying the interaction of those enzymes with Cry1Ab 366
toxin. The results demonstrated that S. punctillum could readily hydrolyze the general 367
substrate azocasein, with two pH optima, one in the acidic region and the other in the 368
alkaline region, suggesting the presence of proteases of different mechanistic classes. The 369
ability of extracts to hydrolyze specific diagnostic synthetic substrates, the elucidation of 370
the pH at which maximal hydrolysis occurs, and their subsequent sensitivity to a range of 371
protease inhibitors demonstrated that adults predominantly rely on two mechanistic 372
classes of protease, i.e. serine proteases (trypsin-like and  chymotrypsin-like) and 373
cysteine proteases (cathepsin B-like) and aspartyl proteases (cathepsin D-like)  for protein 374
digestion. Other ladybirds, such as Harmonia. axyridis (Ferry et al., 2003), Adalia375
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bipunctata (Walker et al., 1998) and Epilachna varivestis (Murdock et al., 1987) rely 376
mainly upon cysteine proteases. Such proteases appear to be common in the family of 377
Coccinellidae and very frequent in other members of the Coleoptera (Terra and Ferreira, 378
1994). However, the presence of trypsin-like proteases has not previously been reported 379
in ladybirds.380
381
In vitro digestion studies demonstrated that red spider mite was not able to activate the 382
Cry 1Ab protoxin into its active form, even after 24 hours of incubation, the longest 383
incubation time studied. The absence of serine proteases could explain the inability of the 384
prey to activate the native protein. Furthermore, the absence of any digestion products 385
would suggest that the protoxin was resistant to proteolysis by this pest species, at least in386
vitro. These findings are supported by the report that under laboratory conditions, T.387
urticae ingested large amounts of toxin when feeding on transgenic maize leaves, but that 388
its performance was not negatively affected by the presence of the Bt toxin (Dutton et al., 389
2002). In feeding bioassays using larvae of the target pest O. nubilalis, Obrist et al. 390
(2006b) confirmed that Cry1Ab toxin remains biologically active after ingestion by T. 391
urticae. Hence, it would appear that the Cry1Ab toxin is transferred to the next trophic 392
level in its biologically active state. Interestingly, in similar in vitro digestion studies, 393
proteases of S. punctillum were also unable to process the native toxin at pH 5.0, where 394
cysteine and aspartyl proteases are active; in contrast, however, the proteases of the 395
predator could process the protoxin at an alkaline pH i.e. under conditions where serine 396
proteases (trypsin-like and chymotrypsin-like) are active. In target species these serine 397
proteases are known to be responsible for the activation of the native toxin (Oppert, 1999; 398
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Díaz-Mendoza et al., 2007). The resulting band of about 60-70 kDa was similar to the 399
fragment obtained with commercial bovine trypsin and papain. Activation of Cry1A 400
protoxins is commonly achieved by commercial trypsin. However, it has been reported 401
that other proteases such as papain may also produce the active toxin and smaller 402
polypeptides (Bietlot et al., 1989; Choma et al., 1990), when used at high concentrations. 403
The fact that commercial papain processed the toxin, whereas the potentially active 404
cysteine proteases of both arthropods were not able to cleave it, may be the result of the 405
different evolution of cysteine proteases in plants and arthropods.406
407
In the present study laboratory assays were carried out to evaluate the impact of Bt maize 408
varieties Compa CB (derived from event Bt176 and cultivated in Spain from 1998 to 409
2005) and DKC6575 (derived from event MON810) on the biology and reproduction of 410
S. punctillum via the non-susceptible prey T. urticae. Events Bt176 and MON810 are 411
characterized for expressing truncated forms of the Cry1Ab protein; however, the 412
expression of Cry1Ab in leaves is three times higher in event MON810 compared to 413
event Bt176 (EPA, 2000). The results from feeding trials with immature stages and adults 414
of the ladybird showed that neither variety caused any negative effects on any of the 415
parameters investigated. Since binding to the midgut is a prerequisite for toxicity of Cry 416
proteins to known target species, all these findings suggest that, although S. punctillum is 417
able to process the Cry1Ab protoxin, the predator midgut lacks specific receptors in the 418
brush border membrane of the midgut epithelial cells for the active toxin to bind to. 419
Results from tritrophic studies conducted here are consistent with other laboratory studies 420
that assessed the potential effects of Bt toxins on coccinellids. Cry1Ab toxin expressed in 421
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Bt pollen from two transgenic rice lines did not have any negative impact on the 422
performance of larvae and adults of the generalist ladybird Propylea japonica, an 423
important predator of insect pests of rice (Bai et al., 2005). Larvae and adults of 424
Coleomegilla maculata, a polyphagous predator that is important for suppressing pest 425
populations in corn, were similarly unaffected in a tritrophic system via its herbivorous 426
prey, Leptinotarsa decemlineata, previously reared on potato plants expressing the 427
coleopteran specific Cry3A toxin (Riddick and Barbosa, 1998). When C. maculata428
consumed Cry3Bb-expressing transgenic maize pollen, no detrimental effects on fitness 429
parameters were observed on either the larvae or pupae of this polyphagous ladybird 430
(Lundgren and Wiedenmann, 2002).431
432
Field experiments to determine the impact of transgenic Bt maize on the abundance of 433
larvae and adults of S. punctillum corroborate the results obtained under laboratory 434
conditions. De la Poza et al. (2005) carried out a farm-scale study over three consecutive 435
years at two Spanish growing areas (Lleida and Madrid) by comparing the abundance of 436
larvae and adults of S. punctillum in transgenic (cv. Compa CB) and non-transgenic plots 437
(its near-isogenic hybrid). The results of the visual surveys did not show any significant 438
difference between treatments. Three years later, and after eight years of continuous 439
cultivation of Bt maize, similar results have been obtained from the same plots in Madrid 440
(unpublished results).441
442
In conclusion, no negative effects of the Bt expressing varieties derived from the events 443
Bt176 and MON810 on the fitness of larvae and adults of S. punctillum via T. urticae 444
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were observed, and thus it would appear highly unlikely that either event would  pose any 445
risk to this beneficial predator. Nevertheless, it would be interesting to determine whether 446
Bt maize expressing coleopteran specific Cry proteins, such as event MON863 that 447
produces the Cry3Bb1 toxin and that has been cultivated in the USA since 2003 to 448
control the chrysomelid Diabrotica virgifera virgifera (Vaughn et al., 2005), similarly 449
had no deleterious effects on the predator S. punctillum.450
451
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Figure legends666
667
Figure 1. Mean concentrations (± SE) of Cry1Ab toxin in Bt maize leaves, T. urticae and 668
S. punctillum collected in a transgenic maize field. Corresponding samples were collected 669
from a non-transgenic maize field as controls.670
671
Figure 2. pH optima of S. punctillum adult proteolytic activity with azocasein as 672
substrate, using a pH range of 2-11. All assays were carried out in triplicate.673
674
Figure 3. Digestion of Cry1Ab protoxin in vitro by: A) T. urticae at pH 5.0, after 1h and 675
24h; B) S. punctillum at pH 5.0, after 1h and 24h; C) S. punctillum at pH 10.0, after 1h 676
and 24h; and D) bovine trypsin and papain after 1h. Digestion products were visualized 677
by western blotting using antibodies raised against Cry1Ab. Numbers within the gel refer 678
to the estimated molecular mass of protoxin (130 kDa) and activated toxin (65 kDa). 679
Controls are midgut extracts of S. punctillum and T. urticae without incubation with 680
Cry1Ab protoxin.681
682
Figure 4. Effects of transgenic Bt maize (event Bt176) on survival and development of S.683
punctillum from neonate through to adulthood when fed (a) Bt maize fed prey and (b) 684
control. Survival was compared by Chi-square test. n = 79 for Bt+ and 83 for Bt-.685
686
Figure 5. Effects of transgenic Bt maize (event MON810) on survival and development 687
of S. punctillum from neonate through to adulthood when fed (a) Bt maize fed prey and 688
(b) control. Survival was compared by Chi-square test. n = 63 for Bt+ and 61 for Bt-.689
690
Figure 6. Effect of transgenic Bt maize ingestion on S. punctillum fecundity (mean 691
number of eggs laid by a single female S. punctillum adult) when fed either Bt maize fed 692
or control fed prey. Numbers of eggs laid were compared using U-Mann Whitney test. n693
= 25 for the event Bt176 and 23 for the event MON810.694
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Tables695
696
697
Table 1. Proteolytic activity of S. punctillum adult extracts against general and specific 698
substrates; effects of protease inhibitors and activators.699
700
% relative activity 
b
Substrate Optimum
pH
Specific
Activity
a IAA SBBI E-64 Pepstatin-A DTT L-cysteine
BApNa 10.5 2.1r0.4 nd 7±1 ne ne ne ne
SA2PppNa 9.5 1.5r0.3 nd 56±2 ne ne ne ne
ZAA2MNA 6.5 0.5r0.1 42±2 ne 25±1 ne 123±3 172±5
Haemoglobin 3.5 9.4r0.1 nd ne ne 9±3 ne ne
701
a Specific activities as nmoles of substrate hydrolysed/(min mg protein), except for 702
proteolytic activity against haemoglobin as mU U Abs 280 nm/(min mg protein). Figures 703
are mean r SE of triplicate measurements.704
705
b Values are mean r SE of triplicate measurements from a pool of adult extracts treated in 706
the presence/absence of inhibitor or activator relative to their corresponding controls. No 707
effect (ne) was considered for activities between 80% and 120%; nd: not determined. 708
Substrates: BApNa, (ND-benzoyl-DL-arginine p-nitroanilide); SA2PPpNa, (N-succinyl-709
(alanine)2-proline-phenylalanin-p-nitroanilide); ZAA2MNA, (N-carbobenzoxy-alanine-710
arginine-arginine 4-methoxy-E-naphthyl amide).711
712
713
714
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Table 2. Development of S. punctillum through the immature stages and time to adult 718
emergence (mean number of days r SE) when fed either non Bt maize (Control; Brasco, 719
Bt-) or Bt maize (Compa CB, Bt+) fed prey.720
721
722
L1 L2 L3 L4 Pupae Larvae-Adult
Bt- 1.7 r 0.1 a
(79)
1.6 r 0.1 a
(79)
1.6 r 0.1 a
(77)
2.3 r 0.1 a
(74)
3.2 r 0.1 a
(64)
10.4 r 0.1 a
(64)
Bt+ 1.9 r 0.1 a
(75)
1.5 r 0.1 a
(71)
1.5 r 0.1 a
(71)
2.3 r 0.1 a
(65)
3.3 r 0.1 a
(60)
10.56r 0.1 a
(60)
723
Values followed by different letters in the same row represent significant differences (P724
<0.05; Mann-Whitney U-test).725
(n), Number of individuals at each developmental stage.726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
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Table 3. Development of S. punctillum through the immature stages and time to adult 746
emergence (mean number of days r SE) when fed either non Bt maize (Control; Tiétar, 747
Bt-) or Bt maize (DKC7565, Bt+) fed prey.748
749
L1 L2 L3 L4 Pupae Larvae-Adult
Bt- 2.0 r 0.1 a
(60)
1.5 r 0.1 a
(56)
1.6 r 0.1 a
(56)
2.5 r 0.1 a
(52)
3.3 r 0.1 a
(47)
10.8 r 0.2 a
(47)
Bt+ 1.9 r 0.1 a
(62)
1.6 r 0.1 a
(58)
1.6 r 0.1 a
(55)
2.3 r 0.1 b
(49)
3.4 r 0.1 a
(44)
10.6r 0.1 a
(44)
750
Values followed by different letters in the same row represent significant differences (P 751
<0.05; Mann-Whitney U-test).752
(n), Number of individuals at each developmental stage.753
754
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Answers to reviewer’s comments
Minor comments:
1. Page 4. The two Bt maize express truncated forms of the Cry1Ab. For the event 
MON810 the truncated protein has a molecular weight about 90 kDa, while the 
molecular mass of the event 176 is 65-70 KDa. The authors indicate that both events 
require proteolytic cleavage by trypsin/chymotrypsin-like enzymes to form the active 
toxin of 60-70 kDa size. It is difficult to understand the protein processing in the event 
176 due to there are not differences on molecular size of the toxin before and after being 
processed. The authors should make some comments about it.
The truncated form expressed for the event 176 covers the first 648 aa of the 1155 
Cry1Ab protoxin (Koziel et al., 1993). Activation of the protoxin is believed to occur by 
the removal of a few residues at the N-terminal and a large fragment at the C-terminal 
end, resulting in an active toxin (residues 29–35 to 599–607 of the protoxin sequence) 
(Schnepf et al., 1998; Rukmini et al., 2000). Thus, the truncated form expressed by the 
event MON810 requires activation by digestion at both ends, whereas removal of the N-
terminal peptide (about 30 aa) is most likely necessary for the activation of the truncated 
form expressed by the event 176.
In addition, if the presence of trypsin or chymotrypsin is crucial for forming active toxin, 
how can the authors explain the action of the cysteine-protease such is papain (figure 3) 
to develop the processing? It is maybe due to the phenomena is degradation or instead 
of processing?
Activation of Cry1A protoxins is commonly achieved by commercial trypsin. However, it 
has been reported that other proteases such as papain may also produce the active 
toxin and smaller polypeptides (Bietlot et al., 1989; Choma et al., 1990), when used at 
high concentrations.
2. Figure 3. The control line is not indicated in the legend of the figure. What is it?
Controls are midgut extracts of S. punctillum and T. urticae without incubation with 
Cry1Ab protoxin (it has been included in the legend).
3. Table 2 is not mentioned anywhere in the paper.
Manuscript
Now, it is mentioned in the results section.
4. The units presented in figure 1 and those indicated in the result section (page 12) are 
different. They must be revised. However, I consider that figures 1 and 6 must be 
deleted. Their content is indicated in the text and they do not add anything different or 
new to the paper.
The units have been revised.
Reviewer #1:
1. In the results section (page 12, lines 253, 255), the units for toxin concentration must 
be wrong in the text. You should change ng g-1 to ng mg -1 for T. urticae and S. 
punctillum.
They have been changed.
2. In Figure 2, the % activity is not explained in the text. Is it referred to a maximum 
activity in pH 5? This maximum activity at pH 5 is not due to a cathepsin B-like or D-like 
activity, which kind of protease might be responsible for this activity?
The % activity is referred to the maximum activity observed at pH 5.0. It has been 
modified in the Y axis of the figure as “Relative activity, %”. Cysteine-like proteases are, 
probably, responsible for this activity (in most cases, they have an optimum pH in a pH 
5.0-7.0 range).
3. In several times in the text you consider cathepsin D as a cysteine protease (page 13, 
line 374; page 17, line 368), but cathepsin D is an aspartyl protease, you must change it.
It’s been modified in page 17, line 368. In page 13 it is only said that the optimum pH for 
cathepsin D is 3.5.
4. Papain is a plant cysteine protease that you show is able to degrade the Cry1Ab toxin. 
However, the potentially active cysteine proteases of both arthropods at pH 5 do not 
degrade this toxin. You could discuss these results in terms of different evolution of 
cysteine proteases in plants and arthropods.
It has been included in the discussion as suggested by the reviewer
5. In Figure 4 you must add day 16.
We think it is not necessary to add day 16 as the bioassay with the event Bt176 only 
lasted 15 days.
6. A reference to Table 2 is not present in the results section (page 15, line 309).
Now, it is present in the results section.
7. For Figure 6, the values indicated in the results section (page 15, lines 321, 322) do 
not coincide with the values in the Figure for Tiétar and DKC7565.
Fecundity data have been corrected.
